Five new boronates of the type 2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e) were prepared from substituted 2-[(2-hydroxyethylamino)methyl]phenols (4a-e) and phenylboronic acid (5) in benzene-EtOH (4:1) mixtures. Tridentate ligands 4a-e and boronates 6a-e were characterized by 1 H, 13 C, 15 N, and 2D-NMR (HETCOR, NOESY, and COLOC) experiments, FT-IR, mass spectra, and elemental analysis, as well as 11 B NMR for the boron derivatives. Suitable monocrystals of 2-[(2-hydroxyethylamino)methyl]phenol hydrochloride (4a), cis-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6a), (2S,5R,6S)-2,5-diphenyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6b), and (2S,4R,5R,6S)-2,4-diphenyl-5-methyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6e) were obtained and their structures are discussed. The X-ray structures of 6a, 6b, and 6e, as well as the NMR data established that the configurations at the nitrogen and boron atoms are both "S" and the transannular fusion is cis. A semi-empirical (SAM1) study was used to calculate the energy for all possible stereoisomers, showing that the stabilization increases as the THC (tetrahedral character of the boron atom) increases and also as the N→B bond distance decreases, in agreement with the experimental results and previous work related to amino acid boronates.
Introduction
In previous studies we described the syntheses of a series of mono-, di-, tri-, and tetrameric boronates derived from tridentate ligands (1) (2) (3) (4) (5) (6) (7) (8) . These ligands possess one nitrogen and two oxygen donor atoms with several variations in the main skeleton, which allowed for the evaluation of the steric and electronic effects (Fig. 1) . The studies showed that, in all cases, the boron atom is tetracoordinated and forms a coordinative bond with the nitrogen atom (6) , which is responsible for the self-assembly of the macrocycles, whereby the oxygens build up five-or six-membered rings as well as intermolecular boron-oxygen bonds. Moreover, the reaction product is mainly dependent on the structure of the ligand and, to a lesser extent, on the steric and electronic factors. The use of a tridentate ligand such as 2,6-pyridinedimethanol lead to a tetrameric compound containing four 5-membered-and one 20-membered ring by self-assembly (1) . The stabilization of all these compounds is due to tetracoordination of the boron atom.
It has been reported that the formation of dimeric and monomeric structures is highly dependent on reaction conditions as well as the structure of the salicylidenimino alcohol. It is therefore possible in certain cases to obtain either the dimeric or monomeric derivatives in high yields by using kinetic or thermodynamic control ( Fig. 2) (7) . The use of long reaction times leads to monomeric structures (7, 8) . In general, the N→B bond distances are between 1.6 and 1.7 Å, characteristic for dative nitrogen-boron bonds (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , and the boron atom shows a distorted tetrahedral geometry.
Regarding the stereochemistry of these compounds, a literature search showed preference for cis-fused transannular N→B bond . Moreover, the presence of a stereogenic center in the five-membered ring induces formation of the cis-cis isomer (8, 12) (Fig. 3) .
Continuing in our investigations, we describe herein the preparation and complete characterization of five new 4,5-disubstituted-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e) prepared from 2-[(2-hydroxyethylamino)methyl]phenols (4a-e) and phenylboronic acid (2) . Some of the phenols have found application as chelating agents for Cu(II) (31) and in catalytic enantioselective hydrogenation of ketones with ruthenium (32) . Analogous compounds have been prepared by reduction of the corresponding Schiff base (33) and hydrogen-bonded structures for these derivatives have been reported (31, 34) .
The aim of this work is to investigate the influence of nitrogen hybridization and the acidity of the amino alcohol to selectively form monomeric or dimeric boronates, since increased flexibility in the ligand should lead to release of strain at the fused bicyclic structure. In addition, it was desirable to establish the stereochemistry of these new boronates, which possess two fixed chiral atoms (nitrogen and boron) and to compare the theoretical and experimental results.
Tridentate ligands 4a-e and monomeric boronates 6a-e were characterized by 1 H, 13 C, 15 N, and 2D-NMR (HETCOR, NOESY, and COLOC) experiments, FT-IR, mass spectra, and additionally for boronates, the 11 B NMR spectra were recorded. Suitable monocrystals of 2-[(2-hydroxyethylamino)methyl]phenol hydrochloride (4a), cis-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6a), (2S,5R,6S)-2,5-diphenyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6b) and (2S,4R,5R,6S)-2,4-diphenyl-5-methyl-6-aza-1,3-dioxa-2-borabenzocyclononene (6e) were obtained. The theoretical calculations (SAM1) support that compounds 6a-e are energetically favored and indeed all the products obtained show cis-cis stereochemistry.
Results and discussion

Synthesis of 2-[(2-hydroxyethylamino)methyl]phenol hydrochlorides (4a-e)
The synthetic route to prepare 2-[(2-hydroxyethylamino)methyl]phenols 4a-e involved the reaction of β-aminoalcohols 1a-e with an equimolecular ratio of salicylaldehyde 2 under reflux of THF-MeOH (1:1) for 4 h to give corresponding Schiff bases 3a-e, followed by reduction with sodium borohydride (Scheme 1). The products were obtained in moderate to high yields.
Synthesis of 4,5-disubstituted 2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e)
The condensation of 2-[(2-hydroxyethylamino)methyl]phenol hydrochlorides 4a-e with phenylboronic acid 5 in the presence of an excess of sodium bicarbonate was carried out at reflux in benzene-EtOH mixtures to yield the corresponding (2S,5S,6R)-2-phenyl-6-aza-1,3-dioxa-4,5-(R,R′)-2-borabenzocyclononenes 6a-e in yields from 69 to 89%. These tricyclic derivatives show transannular N→B bonds with a tetrahedral geometry for the boron and nitrogen atoms (35) as well as five-and six-membered fused rings. In all cases, the configurations at positions 2, 5, and 6 are S, R, and S, respectively (Scheme 1).
Spectroscopic data
The 1 H NMR data of 2-[(2-hydroxyethylamino)methyl] phenol hydrochlorides 4a-e is summarized in Table 1; 13 C and 15 N NMR are given in Table 2 . For 4,5-disubstituted-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes 6a-e, the Tables 3 and 4 , respectively. Table 5 summarizes the 15 N and 11 B NMR data.
NMR data of 2-[(2-hydroxyethylamino)methyl]phenol hydrochlorides (4a-e)
The 1 H NMR spectra show the phenolic OH between 10.42 and 9.68 ppm, followed by the nitrogen protons (H-3a and H-3b) in the range from 10.10 to 8.05 ppm -these protons are diastereotopic in 4b-e and the proton antiperiplanar to the substituent is shifted to higher frequencies and labeled as H-3a. The salicylidene fragment shows an ABCD system, with H-10 observed as a double of doublets at higher frequency, followed by H-8 (ddd or t), H-7 (ddd), and H-9 (ddd or t). The protons in position 4 are diastereotopic for compounds 4b and 4c, showing an AB system with coupling constants of 13.2 Hz; for the remaining compounds these protons give rise to broad signals. Hydrogens in positions 1 and 2 are shifted according to substitution; for example, the signals for 4b give an ABX system for protons H-1a, H-1b, and H-2 with a geminal coupling constant of 11.4 Hz and AX and BX couplings of 5.1 and 7.0 Hz, respectively. The 13 C NMR spectra show the following trends: the resonance for C-6 always appears at higher frequencies (156.6 and 155. similar behavior is observed for C-2. The shift induced by a methyl group is less than for phenyl substituents, thus C-4 appears between 46.0 and 43.3 ppm, showing no significant variations due to substitution. Since all 15 N NMR spectra were determined on HCl derivatives, their chemical shifts are shifted to lower frequencies. Substituents at the b position show an additive effect with respect to compound 4a. The 15 N chemical shift for 4a is shifted to lower frequencies with respect to compounds 4b-e, which show Dd » 10 ppm.
NMR data of 4,5-disubstituted 2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e)
The 1 H NMR data for compounds 6a-e show that H-12 is the most deshielded signal (7.72-7.48 ppm), followed by H-13 and H-14 (7.34 and 7.20 ppm, respectively). The chemical shift for the benzylidene fragment and the hydrogens at positions 1, 2, and 4 are very similar to those of the Schiff bases, while that of H-3 depends on the anisotropy of the vicinal group (7.29 (6a), 7.27 (6b), 6.87 ppm (6c)). The existence of two phenyl groups in 6d shifts the signal to 4.07 ppm. In 6e, methyl substitution at the opposite side of H-3 modifies the conformation at the five-membered ring in such a way that both phenyl groups affect its environment and there is an extra anisotropic contribution (4.32 ppm). For compound 6a, the couplings for these signals were difficult to assign and selective decoupling experiments were carried out. Hydrogens at the 3 and 4 positions appear as an ABC system, with an additional coupling between H-4a and H-3.
The difference in chemical shifts with respect to the Schiff bases is approximately 1 ppm and the most shielded signal is C-6. The ipso (to boron) carbon (C-11) is observed in the range between 146.2 and 144.6 ppm, followed by the ortho (C-12), meta (C-13), and para carbons (C-14), which were assigned using HETCOR experiments. The 15 N NMR chemical shifts of 6a-e (-331.8 to -312.1) and those of tridentate ligands 4a-e (Table 2) , are in the characteristic range for tetracoordinated nitrogen atoms (36) . In 11 B NMR, the signals are observed from 5.1 to 6.0 ppm, characteristic for tetracoordinated boron atoms (37) .
IR and MS data of 4a-e and 6a-e
The IR spectra of compounds 4a-e show strong N-H and O-H stretching bands, while the IR spectra of compounds 6a-e show only the N-H band. The mass spectra of 4a-e show the molecular ion peak, along with the loss of hydrochloric acid, and the hydroxytropylium and cycloheptatrienone ions. In most cases M 
Molecular structures of 4a, 6a, 6b, and 6e
Crystallographic data for 4a, 6a, 6b, and 6e are listed in Table 6 ; selected bond lengths, bond angles, torsion angles, and plane deviations are summarized in Table 7 Table 3 .
H NMR data of 4,5-disubstituted-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e).
With respect to the boronates, compounds 6a and 6b are shown in Fig. 5 , while compound 6e is shown in Fig. 6 . Compound 6e crystallized with a molecule of benzene and there are three different molecules in the unit cell. The concluding remarks of the obtained X-ray structures are as follows: (i) the N→B distances found are 1.647(2) Å for 6a, 1.635(3) Å for 6b, and 1.615(6), 1.643(3), 1.620(6) Å for 6e, in agreement with the distances found in similar derivatives described in the literature . (ii) The B-O aliphatic distances are 1.465(2) Å for 6a, 1.455(3) Å for 6b, and 1.447(6), 1.454(6), 1.457(5) Å for 6,which are also in agreement with values found for similar compounds (7, 8) . The tetrahedral character (THC) of the boron atom (38) is a useful parameter to evaluate the geometry of the boron atom for crystalline boronates (6a, 6b, and 6e). The THC was calculated from the boron-bond angles obtained by Xray analysis as described by Höpfl (38) , whereby a value of 100% corresponds to a perfect tetrahedral structure for boron. The values of THC (%) are 80. 13 Table 5 . 15 N and 11 B NMR data for 4,5-disubstituted-2-phenyl-6-aza-1,3-dioxa-2-borabenzocyclononenes (6a-e). Note: 13 Table 4 .
13 C NMR data of 2-phenyl-6-aza-1,3-dioxa-4,5-(R,R ′)-2-borabenzocyclononenes (6a-e). 
Semi-empirical calculations of boronates 6-9
To evaluate the influence of steric factors on this reaction, the geometry for all possible stereoisomers was determined by using a theoretical (AM1) approach (Fig. 8) .
The computational study for semi-empirical calculations (AM1 method) was performed with Hyperchem (39) . A full set of semi-empirical optimizations was carried out to determine the main preferences to obtain just the 2(R), N(S), B(S) Table 6 . Crystallographic data of 4a, 6a, 6b, and 6e.
products (6a-e); all the stationary points were classified as minima by Hessian-matrix calculations with the same method (AM1). The coordinates used to obtain SAM1 results were obtained from X-ray analyses.
The data for compounds 6a-e, 7a-e, 8a-e, and 9a-e have been deposited as supplementary material. 2 All possible stereoisomers were minimized. In the case of compound 6a, which was determined experimentally, there is only one counterpart (compound 8a), while the remaining compounds have four possible stereoisomers. The data confirm that the compounds obtained experimentally are enthalpically favored, and there is an important steric effect controlling the formation of these fused compounds. The energy gap between stereoisomers 6 and 7 is between 5.2 and 3.1 kcal mol -1 , and they show two eclipsed interactions, while stereoisomers 8 and 9 show four gauche interactions. The deviation of the fused structure (cis or trans) depends directly on the substituent effect, as evidenced by the H-N-B-Ph torsion angles.
The calculated properties for each stereoisomeric series show that both the N→B bond length and the energy are inversely proportional to the THC values (supplementary material). 
Conclusions
In conclusion, boron compounds derived from the tridentate ligands 4a-e yield fused five-and six-membered rings due to N→B bond formation (6a-e). In all cases, the ring fusion for the H-N→B-Ph fragment is cis, and the reaction is highly stereoselective yielding structures with "S" configuration at both the boron and the nitrogen atoms (6b-e). This was demonstrated by 2D-NMR NOESY experiments and confirmed by the X-ray analysis of compounds 6a, 6b, and 6e. There is an increased tension at the five-membered ring; hence, the deviation of the boron atom from the idealized tetrahedral geometry is on average 77.5%. The theoretical calculations are in good agreement with the experimental data. These compounds show the same behavior as those containing tridentate ligands derived from amino acids. THC is a powerful tool to evaluate the stabilization of these types of molecules. The results show that the greater the stabilization of the compounds, the greater the THC value. In addition, there is a significant influence on the configuration of these newly formed stereogenic centers associated with the N→B bond lengths.
Experimental
NMR experiments were performed on a Jeol Eclipse+400 spectrometer at room temperature. All 1 H and 13 C resonances are reported relative to TMS, 15 N resonances are relative to neat MeNO 2 , 11 B spectra were obtained relative to BF 3 ·OEt 2 , and all the samples were determined in DMSO-d 6 as solvent. The IR spectra were recorded as KBr pellets on a PerkinElmer 16F PC FT-IR spectrometer. Mass spectra were recorded on a Hewlett-Packard 59940-A spectrometer at 20 eV electron impact. Melting points were measured in open capillary tubes on a Gallenkamp MFB 595 apparatus and have not been corrected. Elemental analyses were determined on an Eager 300 equipment.
Preparation of 2-[(2-hydroxyethylamino)methyl]phenols (4a-e)
2-[(2-Hydroxyethylamino)methyl] phenol hydrochloride (4a)
Compound 4a was prepared from 0.50 g (8.18 mmol) of ethanolamine (1a) and 1.00 g (8.18 mmol) of Compound 6e was prepared from 0.30 g (1.02 mmol) of 4e, 0.12 g (1.02 mmol) of phenylboronic acid (5) X-ray structures of boronates 4a, 6a, 6b, and 6e X-ray diffraction analyses were determined on an Enraf Nonius-CAD4 diffractometer (λ Mo Kα = 0.71073 Å, graphite monochromator, T = 293 K, ω-2θ scan mode) and on an Enraf Nonius FR590 Kappa-CCD diffractometer (λ Mo Kα = 0.71073 Å, graphite monochromator, T = 293 K, CCD rotation images). The crystals were mounted in Lindeman tubes. For compounds 6a and 6b, an absorption correction was performed with SHELX-A(40); whereas for 4a and 6e, an absorption correction was not necessary due to the systematic scaling integration of the reflections. For all structures, corrections were made for the Lorentz and Polarization effects. The X-ray data was obtained through SHELXS-97 for the structure solution and through SHELXL-97 ver. 34 (40) for the refinement and data output; both programs are included in WIN-GX program set (41) . The corresponding images were prepared with ORTEP 3 (42) . All non-hydrogen atoms were found by Fourier map differences and were fully refined by anisotropic thermal parameters. Most of hydrogen atoms were determined by difference Fourier maps and refined with one overall isotopic thermal parameter, the other non-found hydrogens were added by geometrical situation and calculation.
